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INTRODUCTION

Man has obeserved for innumerable years the effect of low tempera-
tures on goudng vegetation with the resulting injury and death. @nce
considered to be the inevitable fate of plant 1life emyosed Yo low temper-
atures, this injury is now subject to partial control or alteration under
certain conditions (12). Taese conditions involve a genetic change in
the plant prctoplasm by breeding a hardier, more resistant variety or by
a change in the envirorment of the plant that induces resistance to low
terperaturess The latter change is fregquently known as ®hardening® of
the plant, A terw used to denote this process, whether naturally or arti-
ficially induced. While the study of these changes (32) has given con-
siderable insight into the subject, t,-here is 1little wnderstanding of the
basic cause or causes of frost injury, nor is the subsequent resolution
of ths problem known.

Tha bulk of recent scientific investigations into winter injury
hag been mainly concerned with plant physioclogy (21). The detection of
measurable differences in the physiological factors under variovs condi-
tions has of fered a means of explaining frost resistance, at least par-
tially. This thesis is a report of a continuvation of an investigation
into txis aspect of the problem, Strawberries were selected for this
research because of their susceptibildty to frost injury, comparative
ease ¢f control for research purposesJ, and practical significance as a
crop in this area, Previous studies at t!is college (20) have revealed
tha desirability of applying a protec_tive mulch when the plants have

reached a maxipum level of stored cari:obydrate reserve as determinad by



sugar analysis, Investigations elsewhere with various plant materials

bave indicated that numerous other factors including ridneral content and
permeability of the cell, are involved (9,27,32). The objective of this
study then is to examine some of these factors with particular reference.

to the strawberiy plant,



LITRRATURE REVIEW

Soms of the first scientific investigations into frost injury
were made by Goppert (11). During mid-winter he brought indoors plants
which had survived the low winter temperatures and, after exposing them
to higher indoor temperatures for several days, observed that they were
killed bty a return to the coldsr enviromment. Since then the effect of
naturally and artificially produced temperatures on various plants has
been studied extensively (1h,21). The accummlated research dealing with
plant injury and resistance to low temperatures renders a single explana-
tion of these phenomena untenable., Low temperature alone does not neces-
sarily cause death, as Lipman (2L) kept seeds and bacterial spores at
temperatures only slightly above absolute zero for forty four hours with-
out adverse effects.

Rosa (31) and Levitt (21) have reviewad this phase of plant physi-
ology thoroughly including tihs earlier theories of frost injury. Of
these theories only the rupture theory persiets. Bugaevsky (3) states
that the formation of cavities in the roots of the carrot acd other vege-
tables results fruom rupture Yy pressure developed as the tissue wa.ter
freeses. This rupturing damages ths cell membrane.

On the basis of modern evidence several explanations regarding
the causes of freezing injury in plante have been proposed. Molisch (28)
advanced the idea that ice formation results in water removal from the
cell with consequent dehydration causing cell death. Wiegand (39) stud-
ied the condition of buds and twigs in the winter and modified Molisch's

idea to inclnde a critical evaporation point for each cell. Stiles, (35)



on tha basis of observatione of both living and nonliving colloidal sys-
tens undergoing freezing, held that frost death results when large ice
crystals in the protoplasm cause an aggregation of particles normally in
a dispersed phase. This condition is usually irreversible. Maximow (26)
maintained that the pressure due to ice formations distorts the cell with
rupture of the protoplass. This pressure concept was substantiated by
Chardler and Hildreth (5) and ty Dexter (6). The latter noted that bardy
leaves were lees severely damaged in a hydraulic press than the tender
leaves of the wheat plant. Iljin (18) contended that the death of tis-
sues occurs in thawing. Preceding cooling, he explains, there is a loss
of water with reduction in the sige of the vacuoles with resulting plas~
molysis. Harvey (12) studied the precipitation of proteins in the juice
of hardened and wnhardened cabbage plants. Increased precipitation in
the unhardened plants is explained as an injurious effect of increased
electrolytes on the proteins. During the hardening period, complex prow
teins are often changed to less easily coagulated forms as evidenced by
an increase in amino nitrogen. Scarth and Levitt (32) believe that
permeability is the factor directly related to injury and indirectly to
resistance. Increased permeabdlity of the cell membrane permits an exodus
of water fram inside the cell. This is advantageous to the cell, since
intra~cellular freezing with disruption of the protoplasm is almost al-
vays fatal.

In general these various theorie;_ agree that ice formation initi-
ates changes in the cell constituents. Whether this fcrmation occurs
intrecellularly or extracellularly da{)énds on external factors as well

as the inherent properties of the particular plant cells. The chemical



or mechanical effects of these ice formations are not sufiiciently known
to varrant a single explanation.

Hardiness is the mechanism through which the plant either resists
or overccmes the effect of frost injury. The enviromental factors which
can cause hardiness are mmarous, but in general they are characterigzed
by their ability to check plant growth. The increased resistance in cab-
bage plants oonferred by low temperature was studied extensively by Har-
vey (12). Exposure to 3° centigrade for five days prevented freezing at
«3" centigrads for one-!®lf hour. Fram later observations (1l) he con-
cluded that hardiness occurs below a critical or threshold temperature
of about 5° centigrade and is essentially a cold shock response. How—
ever, Peltier and Tyedsy (29) found that a long exposure time is impor-
tant in improving resistance in alfalfa. Angelo and others (1) found
continuous low temperatuwres conducive to bardening strswberry plants.
Thus, although temperature altere hardiness, there exist may differences
among plants in their response to exposure time and temperature,

The effect of moisture on hardening has been investigated by
Chandler () and Rosa (31), who found that droughty conditions increased
frost resistance. Angelo and others (1) noted under experimental condi-
tions similar results with strawberries supplied with varyinmg amounts of
water.

The sugar content of plants increﬂaaes upon exposure to low tem-
peratures. This long recognised fact has stimulated considerable invest-
igation because, as already mentionsd, exposure to low temperature may

aleo increase frost resistance. Hildreth (17) observed a sharp increase



in total sugars of two apple varieties from October to December., Rosa
(31) and lLazuruk (20) found an increase in sugar content of several
varieties of strawberries as fall progressed. This increase ir: sugar
content is often attributed to a starch to sugar conversion. Harvey (12)
and Rosa (31) each obperved an increase in monosaccharides and disac— .
charides and a decrease ir polysaccharides upon hardening at low tempera-
tures.

Work which has been ccnducted to study the relationship of carbo-
Qydrate content to varietal hardiness is conflicting, Hildreth (17) and
Stuart (36) found differences in sugar content between hardy and nonbardy
apple varieties., Harvey (13) found higher sugar contents among the
hardier red varietlias than in the more tender green types of cabbage.

The application of sugar solutions to plants hss produced little effect
on cold resistance (4,7). Sugar content avparently is a factor in
hardines s, but not to a degree where it has been demonstrated as a basic
factar.

Nitrogeneous substances have long been investigated in their re-
lation to the cold endurance of plants. Harvey (12) detected an ircrease
in total eand amim nitrogen during the hardening process in cabbag.e.
Daxter (7) found that tardening plants with limited quantities of light
increased their soluble nitrogen content. Lott (25) found that hardiness
in trambles correlated with protein content. Siminovitch and Briggs (33)
bave establiched a positive correlation %etween water soluble protein and
degree of hardiness in the bark of the black locust tree. Hecently
Lovitt (22) has sug:ested that a sugargfrotein complex {a muco-protein)

is invoived in frost hardiness. He found the carbolhydrate contents of



the protein fractions of nardened cabbage significantly difierent from
those of the unhardensd. He says that an initially high sugar content
in the protein fractions may be required for the plant to develop frost
resistance,

The water cantent of the plant appears to bte an important factor
in frost resistance. Hildreth (17} observed a decrease in moisture con
tent of apples as winter approached, noting that the hardier variety re-
mained more nearly constant during the winter. Harvey (12) and Rosa (31)
each observed decreases in moisture wnen cabbage plants were undergoing
hardening. 3Since decreassd moisture content would also affect cell sap
concentration, the latter has been studied extensively. Chandier (L)
found that sap densities as determinsd-by freezing pcint bore a positive
correlation to hardiness in mmerous garden plants. The viscosity of
ths pressed juice of small grains has shown a correlation with sardiness
(37)s Levitt and Scarth (23) using a plasmol:tic method of determina-
tion, found a greater osmotic preseure in a hardy apple variety than in
a semi-hardy variety,

Since field trials often take considerable time and weather con-
ditions are variable, Dexter, Tottingham and Graber (&) sought a rapid
means of measwring the relative degree of cold resistance. They main-
tained that because frost injury involves an increase in cell permea-
bility the quantity of electrolytes which diffuse cut of plant tissue
into water can be measured by conductiviyy tests and is proportional to
the injury. In further work (9) they investigated alfalfa reots dug
from frozen ground and placed in water a'i 25° centigrade for %en hours.

Fxpressing especific conductivity in reciprocal olms they found a lower



conductivity among hardier varieties, zZxperiments on grains grown in
greenhouses and later frozen in an air chamber yielded similar results,
but evidence was considered insufficient to deternine the correlation of
hardening with electrical conductivity. Megee (27) found a substantial
difference in conductivily between hardy and nonhardy alfalfas in the
late fall.,

Ivanov (15) measured the electrical conductivity of the pressed
Juice of wheat and cabbage and noted an increase in electrolytes before
any perceptible frost injury. The amount increased with decreasing
temperature until death of the plant and then remained constant. The
less hardy wheat varieties gave the greater increase. Converssly, levitt
and Scarth (23) using the plasmolytic méthod observied an increase in per-
reability of cabtage seedlings to polar substances, including water, upon
exposure to hardening temperatures.

Using the electrulytic method, Emmert and Howlett (10) determined
the resistance of fifty five apple varieties to low temperatures. Thay
found the Garmet crabapple hardier than the McIntosh apple in the fall,
but they found the reverse to be trus in the late winter and early
spring, Thus the time of testing appesrs to be an important factor,
Wilner (LO) in his studies with woody plants has found that values of
electrical conductarce were not modifie& by seasonal variations or cul-

tural practices.



STUDIES WITH FIZLD PLAKRTS

This investigation is dividcd into two main sections, The first
section is concerned with the study of the electrical conductance of the
leaf exudates as» affected by sugar content and the seasonal developmsnt
of hardiness in field plantings. The second section is a further study

using greenhouse plants subjected tc several controlled conditions.

Preliminary Studies of the Electrical Conductance Method
Experimental

Determinations of electrical conductance were begun in the fall
of 195k using several varieties of strawberries. Cn Cctober 25 leaves
were collected from field plants of the.Erie variety. These and the
subgequent collections were made in the mid-morning to minimize differ-
ences resulting from changes in photosynthetic activity according to the
time of day. Leaves selected were those which were exposed to the sun
rather than those shaded by other leaves, unifora in size and color, and
free of any viszible injury or dcferts., Immediately they were taken to
the ladoratory and, after removing the petioles, 15 gram samples of whole
leaves were weighed in duvplicate uxing an analytical balance. They were
than carefully washed free of soil particles and surface debris by im-
mersing several times in tap water and wexre finaldy rinsed with distil-
led water. The samples were air dried at room temperature until the
surface water had evaporated, placed in ;oistunproof bags, and stored
in freeszing chamber at 10° Fahrenheit for 2L hours.

FPollowing tids treatment the sax::pie: ware trangferred to 400 mil-

1iliter beakers containing 250 miliiliters of distilled water. The
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leawes were agitated wntil their surfaces were under the water after
which the beakers were covered with watchglasses, At the end of seven
hours at romm temperature a portion of the watsr extract was removed
from each besker and its resistance measured using a Wheatstone bridge
and a standard conductivity cell., Specific condictance for each game
Ple extract was then calculated, Subsequent callections and determine-
tions were made on Ncvenmber 6, 10, and 18, at which times other varie-
ties were included. All eleven varieties in the plot were sampled on
November 23 at which time additior.al amcunts of leaves were collected
for sugar analysis., These additional leaves were dried in an air-blast
oven at 75° centigrade for L8 hours, ground in a Wiley mill, and stored
in capped bottles until znalysed., kedweing and total sugars were deter-

mnined by the Hasaid modification of the Hagedcrn-Jensen method (15,16),

Results

Tablde 1 represents tane specific canductance vaiues of the leaf
exudates for the several varicties tested in 195L. It will be noted
that there 15 a fairly consistent agreement between duplicates of each
variety. Unfartunately Erie was the only variety exaained over the en~-
tire period. The values for Erie show a marked decrease in conductivity
as the fall season progressed with a slipht increase cccurring on the
last sampling date. The other varieties seam to indicate a similar trend
ineofar as they were tested. e~

In Table 2 the data is preserted of the specific conductasce and
sugar content of the ¥ovember 23 leaves: There is an unusually great

variation in sugar content among the varieties, Another samipling, if



Table 1. The Hlectrical Conductance of Laaf Exudates fran Several
Varieties of Stravberries During the Fall of 195k,

Date of Veriety
Sampling Trie Tredar Ten. Duniap  red Rioh
Speoific Conductance

Oct. 25 1.13 - - -

.0' [ ] 6 067 .w .So -
o7¢ 55 «53

Mowve. 10 .hB 0511 039 .60
i3 o€l k0 67

Nov. 18 .M - - -
Al

Nov. 23 ol «6h o2 6l
lu o&l ow .61

# Specific Condvctance in otm=l centizeter=l x 10~3 from 15 gram samplas
in 250 mil1dliters of distilled water for 7 bours.

taken, nsy hzve revesled if thig variation was a norwal occwWTenCe.
From the date it is net possible to sscertain any relation between con=-
dwetance valuos and either total or reducing sugar ocontert. The con-
doctarme valuee elcw no relation to bardiness as measured by winter eur—
vival. For exmmple, Senstor Dunlap, a hardy wariety, has a low value
and Empire, a nuch less deperdably rardy variety, hus a sirilar low cone
ductance valus, 7The late date of tlis samling may have had considera-
ble influernce on these rveults and thus thir dsta can only repreeert the

condi ticng at this ocng particular time,
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Teble 2. The Slectrical Conductance of tlm Leaf Irudates and the Suge=
ar Content of the Lagves of Several Varieties of Stravber-
ries on November 23, 195L.

[3 Contert &»

Yaristy Speoific Conductance # ueduo Total
Sparkls 3.5 1.8 70.5
Bris Lok 2.2 95.5
Senator Dunlap L5 33.2 59.7
Eapdre Ll7 38.L 8l
Feirlend 542 6646 99.1
¥ernillion 5.6 L9.3 966
Red Rich €e2 9.3 10C.3
Prenier 6.l 39.L 8545
Rad Star 6e? 1.2 R.7
Superfectian 7.4 bl.6 N.h
Fairpeake 8.5 5.k 12.2

+ Spenifie Conductance in o™ centimeter=l x 10~} from 15 graa samples
in 250 mililliters of distillsd water for 7 hours,
aw Sugar Contert expressed as milligrans per grem of dry secple.
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further Studies of the #lectrical Conductance Fethod

Experimental

In order to study further the efiects of low temperatures and
sugar a.ccmulaﬁon in the leaves during the fall on the electrical con-
ductance of water extracts of the leaves, four varieties were selected
from field plantings for more intensive study beginring in the early
fall of 1955, Long rows of excellent growth, about 100 feet long for
each variety, assured a sufficient amcumt of leaves for recresentative
saupling during the experirmental period.

The same procedure as previously described was followed in the
collection of samples from the field and in their preparation for sugar
analysis. The procedure for the preparaftion of the leaves for conduct~
ance deterninations was nodified, The freezing treatment was eliminated
and the ratio of fresh leaf weight to volume of water changed to L grass
in 200 milliliters.

Since more information about the influence of sampling and hane
dling techniques on conductance waes advisable first, studies were made
on several factors which might have an effect on the conductivity of the
extract. The effect of using leaf fragments was studied bv cutting the
leaves into one-eighth inch strips immediately before imsiersing them in
the distilled water. A second set of leeves which were rot cut served
as a means of comparison. The validity @f the sampling techrique used
was tested Wy comparing conductance values of two leaf types with noticew
able differencee. Conductivity determinations were also made between

replicate plantings of two varieties. Feur varieties - Catskill, Senator

'SOUTH DAKOTA STATE COLLEGE LIBRARY
116714
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Dunlap, Premier, and Rcbinson - were selected for more internsive study.
leaf samples from theee varieties were coliected on September 2C, Gcto-
ber L, Gctcber 18, November 1, and November 9. Due to the unusually

coal weather in the fall of 1955 with an early approach of winter, the
November 9 sample was the last which could te taken from the field. Af-
ter immersing tle leaves in distilled water, conductivity measurements
were made on aliquots of the resulting leaf extracts at intervals of 3 1/2,

7, 1k, and 2L hours,

hestlts and Discussion

In Table 3 the specific conductance values for the exudates of
whole and cut leaves of four varieties are given. 1t will be noted that
these values are mucn higher for the cut: leaves. There is also more
variation generally between duplicates as a result of cutting. 1t ap-
pears evident thet lesions in tioe leaf surface increase tbe conductance
congiderably. Such lesions, whether visitle or not, can be expected to
occur in damaged leaves. In the weighing of accurate samples of whole
leaves it is necessary to cut one leaf. However, this unaveidable cut-
ting should not introduce any significant error in values.

The results of sampling leaves with different field characteris-
tics are given in Table L. It was observed that two types of leaves
predoninzted in the field plots of each variety. One type was rmedium-
sized green leaves from the initial growkh or well-formed runcers. The
other t)"pe was composed of larger, more meture leaves mainly present in

the initial growti, In all four varieties tesied the conductance values

were higher for the older leawes than for the sgeen, growing leavas.
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Tatle 3. The Fffect of Cutting of the Leaf on the Specific Conductence
of the Leaf Exudates of Four Varieties of Strawberries.

Variety Leaves cut Whole leaves
1/8 inch strips
Specific Conductance *

Senator Dxmlap 10,5 5.9
10.6 5.6
Premier 8.7 3.6
7.8 3.1
Robinson 8.8 k.0
10.1 L.3
Catskill 5.6 3.1
10.3 NS

:

# Specific Conductance in olmr~1 centimeter-1 x 10-° from L gram samples
in 200 milliliters of distilled water after 7 hours.,

Also there was extreme variation between duplicates in the formsr. This
variation was considered too great to enable use of these leaves in any
further study, Actually the sampling of the older leaves may more ac-—
curately represent the conditions resulting from decreiased temparatures
with lower photosynthetic activity and decreased metabolic rate than the
green leaves.

The specific conductances of the leaf exudates from two varieties
in replicate over a 2L howr period are pletted in Figure 1. Determina-
tions are made immediately (the zero timed upon placing the leaves in the
water. These values then represent the concentration of electrolytes
which diffuse very readily from the leaf surface and no doukt includes
traces of soil particles unavoidably present. The diffusgion of electro-

lytic solutes from the plant tissuve is shown to occur as an exponential
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Table L, The Effect of Sempling Two Types of Strawberry leaves or the
Specific Conductance of their Water ixtracts,

Variety Clder Leaves Creen, growing leawes

Specific Conductance #

Senator Dunlap Lok 99
6e2 Se6
Prewier 8.3 3.6
7'h 3.h
Robdnson 7.3 L0
Lh.7 k.3
Catslicill 10,2 3.1
7.8 3=t

» Specific Conductance in otm—1l centim‘ter'l x 1075 from b gram samples
in 200 milliliters of distilled water after ? hours,
function of time. It exhibits a decline in rate after a period of time
and would appear to reach a state of equilitrium sometime after 2L hours.
Table 5 lists the electrical conductance of the leaf exudates and
the reducing and tc'al sugar content of tie leaves from the four varie-
ties at the five sampling periods during tbe fzll of 1955, With the ex-
ception of the Catskill wariety the conductance values show a marked de—
crease from the first to the third sanpling with a reversal of this trend
in the last two samplings. On the last eampling date the conductance
values are all sinilarly high. It will e noted thet tbe Senator Dunlap
exudataes reached the lowest level of conductance among the varieties on
Cetober 18,

The reducing and the total sugar content of the leaves in all the
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Figure 1, The Specific Conductance of the lLeaf Exudates c¢f Two
Varieties of Strazwberries in Replicate as Affected by Time of
Exmosmosi a,

Specific Conductance in otm-} centimeter-1 x 10=6 from four gram
samples in 200 milliliters of distilled watex,

The solid lines indicate the values for the iirst samples and tle
dotted lines indicate the values for the rep.icates in each variebty.
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Table S. The Electrical Gnductance of tie Leaf uxudates ard the leaf
Sugar Content of 7. uwr Varieties During tae Fall cf 195%.

fm Date of Sapling Specilio %n‘ Content *
hd 0

Couductance
Senator Dunlap Sept. 20 3.89 2162 L2.2
Oct. L 3.58 S1.7 Gte2
Oct, 18 1.51 28.€ €l.h
Keve 1 2.70 30.8 91.h
Nove 9 17.5 92.3 1246
Catskill Sept. 20 3.20 5b.6 €9.0
Cete L 2.17 57.8 1€.9
Oect. 18 L1k 32.6 89.h
Nov, 1 2,86 bt oS 110.6
Nov, 9 9eb SleT 6.k
Premier Sept. 20 3.15 59.4 78.L
Cet, h 2,25 Th.7 97.L
Oct. 18 2,08 3243 6562
Neve 1 2,62 u8.0 105.2
Nove 9§ 18.5 L3.7 112,9
Robinson Eept. 20 L. Ok S5l ek
Oct. L 2.06 5.4 101.6
Octe 18 2.12 3l €T.1
Nove 1 3,15 8.9 11€.0
Jove 9 13,7 6 1172

e Specific Conduetance in otm~l centimeter=l x 10=5 frcm L ¢rams in 200
mlliliters of water sfter 7 Wours.
#% In pdllisrams per gras of dry sample,



varioties show an increase from the first te the second samoling time,
The results from the third sampling date are not wmifoxrm in this respect.
There is8 a decrease in redvecing sugars in all tke varieties, tut an ine-
crease in total sugar in twe varieties. Highast values of total sugars
vere reached on the lsst sampling date, The data from Table & is pre-
sented graphically in Figure 2,

Climatological data for the Brookings station from September 15
to Noverber 9 1s given in Tatle 6 (36). From September 15 to September
20 all the mininum temperatures were considerably above the freezing
point, from September 20 to Cctober L there were six days with minismum
temperatures of L1° Fahrenheit (5® centigrade) cr below with three of
these tesmperatuires below freezing, From<October Lk to October 16 eleven
days with minir.um temperatures of L1° Fahrenheit or below were recorded.
There were six days in this period with below freesing temperatures.
During the remainder of the experimental period all daily minimus temper-
atures vere 32° Faarenheit or below except on one day,

It 18 likely that actual frost damage to the field plants result-
ed only when the minimum tamperatures given here were considerably below
freezing for a long period. Actual frost damage to strawbsrries does
not usually occur above -5° centigrade unless these temperatures are
prolonged, The first temperature below ~5° centigrade occurred on Octo-
ber 1 and quite frequently thereafter. rrior to this time tue low tem
peratires ray have had a hardening effect on the pleantse. Frow Talde S
it is seen that the conductance values oi three of the four varieties
tested decreased during the period fram S-eptember 20 to Cctober 18 when,

as has been noted, it is likely that tbe main effect of the low tempera-
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Figure 2, The Electrical Conductance cf the Leaf Kxudates and the
Sugar Content of the Leaves of Four Varieties During the t»lil of 1955,

Specific Conductance in o=l centimeter—t x 10=5 from four gram
gamples in 200 milliliters of distilled water for seven hours,
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Table Ge Dadly Hasrlrum ind Mlsipum Falmonielt Tewperaturen tocorided
at Brookines from Septamier 15, 1955 %o lovember 9, 1955

Date Septe 1914171019 20 22 22 23 2 25 26 27 28 29 0O
Faxirmm 975595918079 T1 € “CFT5052 €9 18175 =
lidndrum 579 66 ¢L LL LB S2 43 31 27 29 12 12 36 SO -
Date  Cct. 123456178 910112131418

Haxdsum 6370 72 70 76 73 55 73 8l 83 80 73 €3 5T 63

i nirnms « bOSLSL 810 3229 Wi k0 50 3k 27 22 18

Date Oty 20171619 20 22 22 23 24 25 26 27 26 29 30 1
Haxdsum €@ D=~ 755 B 51 567608 78 67 L7 ub L5
Mindman 292018~ 27181 32 7283228 3525 18
Date  lov, 123L561789
Haxdyam k2 35 X9 62 6k 29 29 S A
Mindzam 217 L23H15Wie X

tures was bariening rather t.t-a injury, Wy Fovember 1 the condecterce
values of these tlwee varicties had all inereased over the Cotober 18
valees an even greater incrcase was chserved on the Novenber § sanpling,
it was during the period frem Uctober 10 to November § thal temperatures
ware frequently low encugh to cause froet injury., Thus it appears that
tha cunductivity of the liaf exndates is <ocressed when the plonts are
expomad to hardening tesmperatures, but ls increesed when the planis are
subjucted 1o injurious temperatures.

The electrical conductance metlod.of Dexter and cthers (5,9) bhas
bean used 1o tads study for dete:minipg fyroet injury in strawberry leavese
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This nethod mezsures from the water extract the concentration of the
electrolytes witich have diffused from the plant tissue after an interval
of time. Most darzage results in an increase in the release of electro-
lytes from within the individual plant cells. The concentration of these
electrolytes is considered proportional to the injury sustained bty the
plant tissue.

In the fall of 195k the conductance measuremenis were made using
leaves woich were detached from the plant and inen subjected to freezing
at -10° Famrenheit for 2L hours. The data obtained from tiis study then
reflected the effect of tiiigs lov temperatwre treatment and also the ef-
fect of low climatic teaperatures upon the plants in the field. The
study in the fall of 1955 concermed the éffect of climatic temperatures
alone on conductivity. lowever, in both instances it will bs noted that
initially the conductarce values for each variety tested decreased. From
a consideration of the minimum temperatures in the fall of 1955 oaly, it
will be noted that this decrease occurred when teamperatures were conducive
to hardening. As this hardening or frost resistarice is increased it is
expected that the plant tissue wouvld snow an ircreasing ability to pre-
vent the loss of electrolytes, widch occurs in frost damaged tissue; It
is thought that maximun hardening has occurred when the conductamnce bhas
reached its lowest value in the plants. Serator Dunlap, tle hardiest
variety tested and xnown for its ability to harden in the fall, possessed
tbe lowest conductivity of all varieties "tested on November 10, 195L and
Cctober 18, 1955. ©n the (ciober 18, 1955 sampling, the conductance

values of all varieties (except Catskil}) were the lowest for that season.
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After this sampling date the values increased. This increass is at-
trivuted to frost damage of the tissue with the eventual cdisorganization
of the cell structure during dormaney., It seems that a crucial period
exists when the lowest conductance values are reached; before this time
hardening occurs, but after this time injury resultis in spite of the
previous hardening effect.

From the data presented in Tsble 5 and also in Figure 2, no rels-
tion between the electrical conductivity of the leaf exudates and sugar
content of the leaves is evident. The total sugar contert of ths leaves
in all varieties shows an cverall increase dwring the fall secason, From
the observations that conductance values have first shown a decrease
followed Yy an increase, any simple corrélation with sugar content is
unlikely. If there is a correlation it may be overshadowed by cther fac-
tors within the cell,
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STUDIES USING GREENHOUSE PLANIS

cxperinental
At the time of smlolking in the fall, field plants of several

varieties were transplanted into horticulture flat boxes (flats) and
placed in the greandouse huving a mean texperature of 70° Fahrenheit,
After an initial period of dormancy the plants began a new growthe
nplicats flats of Senator Dunlap and Robinson varistiss were selected
for this study. They received the same cultural practices, unless other-
wise mentionsd. OCrowth proceeded uader these conditions for alxut tawo
months until tlere vare sufficient leaves available for experimentation,

In Fetnuary 1956 exparimeutal work with the Senator Dunlap plants
was begine One flat was selected for exposure to hardening temperatures;
the other flat wvas used as a control, Buring the course of the study
the hardened plants were inadvertently changed to ancther greenhouse at
2 lowor terpersture. This necessitated discontinuing this experiment,
ard the plants were returned to tlie original greenhouse,

Beginning Mareh 27 one flat wes placed in a refrigarator at 5°
centigrads between the bours ef 5 p.ri. and 8 aum. daily as a hardening
treatrent, The other (lat remained in the greentuse, ut was covered
during this period so that both flats received the same amount of light.
From § a.n. to 5 pem. Dot flats were kept in the greenicuse, This pro=-
cedure was followed daily for one month, Gn April 27 btoth flats were
placed in a freezing unit at -10° centigrade for eight hours., After this
treatment they were watered, kept in tho'“l&horutox'y room for 12 bhours

and tken returned to tae greenhouse,



Leaf samples were first collected on April 3 after the Senator
Dunlep plants hed besn under experiment for one week. Anothsr collection
was made on April 10. To assure a sufficient smuple of leaves for the
final deterainations, sampling was then delayed until April z7. On that
date leaves wore collected before the freezing treatment and also twelve
bours after the freeging treatment. All sampling was made in the after-
poon prior to placing the one flat in the refrigerator except for the
sampling aftar freesing as poted above.

For the sugar analysis one gram samples of the leaves were
veighed in duplicate, wvashed, and cut into amall pieces, and then placed
in 80X hot alcohol using the procedure of the Asscciation of Official
Agricultural Chemiets (2) for the preparation of the sanple. The Hassid
rethod (1%,16) was used for determining reducing and total sugars.
Duplicate two-gram aamples of whole leaves ware used for conductivity
measurements except on the last sampling. In that instance it was neces-
sary to reduce the sample one-=half,

To further reduce insccuracies, conductivity water was pregared
by redistilling the regular dietilled water by means of a glass-jointed
condsneer, This conductivity water was used for a final rirsing of the
leaves. The ssmples were plsced in wide mouth 250 milliliter Erlemayar
flasks and 200 milliliters of the conductivity water added. The flseke
were placed on a Purrell sbaker at Number 2 position for twelve hours at
room tesperature. The flasks were removed after this time, a msall
portion of the water axtruct used for conductivity measurements, and the
rensinder used for the ion detersinaticne.

For the deternination of eodiim and potasaium ion concentrations



26

in the exudates a Perkin-Elner flame phcotametor was ussd. T internal
standard rethod (30) wae employsd for greater accuracy. Standard cone
centrations of the aodioh and potassium ions were prepared and their
photanster resdings plotted on graphs. Molsture determinations were
nade using a forced-alr oven at 75° centigrade,

The same procedure as ovtlined above wms used in the study of the
Robtdneon variety of strawberries uith these erceptionss The plants were
tranaferred to an artificially lighted greenbouese with an illumination
period of twelve houre., During the darkened period of twelve hours one
flat was kept cool in the refrigerator at 5° centigrade; the other re-

rained in the greenivuse.

Results

Table 7 and Figure 3 1list the specif{ic cunductance and the ion
concentrations of the leaf exudates of Senator Dunlap variety leaves,
The data indicate that tae conductacce values for the samples from normal
tamperature plants fluctuated elightly during the course of the study
with no ovarall increase ar decreass evidert. The plants exposed to
hardening temperatures had more wnifcerm and lower comductance velues at
each ammpling, The valuss of both normal and hardsicd esmples increased
when the plants were subjected to freesing, but ths overall effect fram
freezing vas much less ronounced in the hardened samples,

There was considerable varlation it the ccncentration of sodium
and potassium ions in dboth control and hardening plarts. Howevar, the
concertrations were higher in ths normal $lants at each sanpling date.

It vill be noted that vpcn freesing there wam & large increeze in the
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Table 7. The Electrical Cocnductarce and the Fotassiun and Sodium lon
Camcentrations of the leaf ixudates fram Senator [iwnlap
Variety Plante under Normal and Eardening Temperatures.

Date of Naxval Tem tures Harden Temperatures

Sar-1ling on entrations n Uoncentratiocs
Specific # Ts per ,dllicn  Specific  Parts per mallion
Gmuctance i ¢ Conductance

Sedium Potassium Sodiw rotassium

April ) 10.2 1.0 6.0 L9 9 1.3

706 1.0 - 5.3 l-o 1.2
7.1 l‘o S.h SOh .9 2.1
Ap!'il 10 15.3 2.1 10.5 h.s .3 2.2
17.0 2.3 .2 6.l ) 2.3
Aprid 27 17.7 hal 20.3 3.3 1.2 2.7
1¢C.2 2.5 12.6 3.5 1.0 2.8
lp!’ﬂ 27 5 09 ® 8. b .!l 2-6 2 ]
(dur ﬁo? ;.2 2. ii;? 262 g-

freezing)

* Specific Conductance in ol centimeter™ x 10” % of exvdates from two
gram samples in 200 milliliters of conductivity water for 12 hours.

Normal temperature was 70° Fatreon'wit. iardening temperatures were
TO* Falvenheit during 9 hours of daylight and l1° Fabrenheit during
15 hours of darknese. Plants were frezen 4y eubjecting to a temper-
aturs of 11° Palreniwit for 8§ hours on April 27,

ion corcentrations, especially jpotassium, in both sawnples,

The sngar and moisture content of the leaves of Senator Dunlap
variety is yiven in Table (. 7Tue saiples frem plants at 70° Falrenneit
constantly exnibited cnly emall cnangee ip the amounts of reducing and
Wwtal sugars during the period ef the experirent. In the samples fram
plants at hardening temperaturee, there Was an ircrease in both redueing

and total sugars during ths experimental period. The moistire content
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Figure 3, The Electrical Conductance and the Potassium and Sedium Ion
Concentrations of the Leaf Exudates from Senator Dunlap Variety Plants
under Normal and Hardening Temperatures.

Specific Conductance in olm=1 centimeter=d x 10-5 ef exudates from two
gram samples in 200 milliliters of conductivity water for 12 hours.

Normal temperature was 70° Fahrenheit. Hardening temperatuvres were
70° Fahrenheit during 9 hours of daylight and 41° Fahrenheit during
15 hours of darkness. Plants were frozen by subjection to a temwera-
ture of 14® Fahrenheit for 8 hours on April 27,



Table 8. The Sugar and Mcisture Content of the lsaves fram Senator
Danlay Variety Plants undar HBarrmal and lardening Tempera-

tures.
Wn of Jorval Temperatures Hardening Temparatures
ﬁ_%m PR geE e dwison

1L.0 18.% ¢7.11 13.8 18.2 €7.03

April 10 12,8 17.5 67.47 1k 19,7 66,72
13.5 8.1 €T.12 15.2 15.5 66 li2

April 27 13,9 16.1 66,76 1GeS 21.2 65,10
Apr1l 27 18,7 2L,7 54.22 20.1 26,0 1.2
(after 37.5 13,2 £3.76 “ 20,7 27.2 5688

froesing)

# Sugur content in nilligrens per prap of fresh semple.
Sormgl texpearature wme T0° Falreunbait, Hardaning tewperalures were
70° Fahrenheit dwring 9 hours of daylight and l1° Falwenheit drring
15 bowrs of darkness. Plants were frosem by subjocting o & tempare-
ture of 1L°* Falhrenbeit for & oure on April 27,

of both normal and hardened plants showed & gignificant decline after

freezing, This decline was greater in the norwal, unhiardened leaves,

In Tahle 9 i» presented the data fraom tho candwetance and ion
studies with the Robdnson variety. TIhere appeare to be more uniforwdy
botwean duplicates in dotld the normal and €he hardening plants. There
was a dafinite inorezese in ths conductance valeas from May L to June 1
in tho sanples from the noymel temperatuwrd plants, The paraliel increess

in the sodium and potaseium ion concentrations during the experimantal
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Figure . The Electrical Conductance of the Leaf Exudates and the
Sugar Content of the Leaves of Senator Dunlap Variety Plants under
Normal and Hardening Temperatures.

Specific Conductance in olm=l centimeter-1 x 10-5 of exudates from two
gram samples in 200 milliliters of condyctivity water for 12 hours.

Normal temperature was 70° Fahrenheit. Hardening temperatures were
70* Fahrenheit during 9 hours of daylight and 41° Fahrenheit during 15
hours of darkness, Plante were frozen {y subjection to a temperature
of 1h° Fahrenheit for 8 hours on April 27,



Table 9. Tim Eleotrical Conductance and the rotsssiun and Sodivm lon
Concentrations of the Leaf Zxudates fram Kobinson Variety
Plants undsr Normal and dardening Temperatures.

Date of Rornal T_ggratms tures
Smpling Speeific # on Concentrations Speci on Lonc
Cooductance parts per milllon Conductance parts per mlllian
Sodiwm Potassimm Sodiwm Potassium
Ky b he3 o6 7.6 k.0 ) 8.8
LeO 6 10.1 3.5 o9 Te9
May 11 L5 o9 8.1 34 o7 7.6
509 .8 9.2 h.3 .7 8.1
Hﬂ 18 s.l 09 905 3oh 07 7-5
5.7 1'0 9. - 3.8 .8 7.3
May 25 €e8 1.k 10.4 L2 o9 7.9
6.3 1.2 n.? h.o .7 7.3
m 1 10.5 1.8 16.2 h.g 1.1 9.7
7.8 1.6 1h.8 L.l 1.2 10.5
June 1 87.1 3.2 102, 2L.8 2.9 61.
(after  75.3 5.0 8s. 42.3 3.1 L9.
freezing)

# Specific Conductance in olm=t centimstar~l x 109 of exudates from
teo gram asmples ip 200 miliiliters of conduetivity water for 12 hours,

Goraal teporature was 70° Fanrenhsit. Rardening teweratures wre
70° Fahrenheit during 12 hours of artificial daylight and U1° Palren-
heit during 12 houvrs of darimmss. FPlants were frozem by subjecting
to a tempersture af 1L4° Falwenheit for 8 hours on June 1.
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Figure 5, The Electrical Conductance and the Potassium and Sodiwm  Ion
Concentrations of the leaf Exudates fram Robinson Variety Plants under
Normal and Hardening Temperatures,

Specific Conductance in ohm=1 centimeter-1l x 10-5 of exudates from two
gram samples in 200 milliliters of conductivity water 12 hours,

Normal temperature was 70® Fahrenheit. Hardening temperatures were
70* Fahrenheit during 12 hours of artificial daylight and L1° Fahren-
heit during 12 hours of darkness. Plant8 were frozen bty subjection to
a temperature of 14* Fahrenheit for 8 hours on June 1,
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period will be observed. Figure 5 shows tiis increase graphically.

The sugar content of the leaves of the Rotinson variety at each
sampling date is presentad in Teble 10. The moisture content of the
plants undergoing hardening showed a steady dscrease from May L to June
1. Ths control or acrmal plants showed no definite variation of moisture
content during this time., An incresss in sugar content of the bardened

samples is evident.

Discussion

Since studies of plants in the field lack the contrcl of condi-
tions necessary for many investigations, experiments were continued using
plants in the greemhouse. :

The identification and quantitative determination of the electro-
lytic substances involved in conduct:i vity measvrements of the leaf exu-
dates would contritute to an understanding of the mechanisms involved in
the hardening and frost injury processes. Considering the relatively
bigh concentration of potassium present in plant cells, thie seemed to
be a logical choice for study. Although sodiwm is present in much emal-
ler amounts, the small size of the sodium ion might be an important con-
sideration in studying cell permeability.

The positive relationship between the electrical conductance and
the corcentration of sodiwm and potassium ions is evident from a con-
sideration of the data on the Robinson var:{ety plotted in Figure g
While some deviation in the relation of these values to one another is
present, it can logically be assumed that sodium and potassium ions are

directdy involved in the electrical conductance of the exudmtes.
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Table 10, The Sugar and Moisture Content of the leaves from Robinson
Variety Plants under Normal and lLardesning Temperatures.

Dete of Bormal Temperatures Hardening Teporatures
Sampling
%ﬂ Content» &tura Svgar Content SHoistwe
!m (33 4
¥ay L 12.7 1L.6 67.2 12,4 15.0 67.3
12,0 13.8 67.0 12.7 1,5 614
Ny 11 1.7 13.2 61.0 12,6 1kL.? 66,8
12,1 13.3 66.5 13,0 5.1 6€.6
12.0 13.6 (TN p - 18.0 66,8
May 25 12,7 1.6 67k 13.8 19.1 6549
1.2 k.1 67.1 13.5 18.6 66.1
Juome 1 12,5 15.3 65,9 1:,0 19.2 65.h
12.9 16.5 66.1 15,0 2C.3 6S.3
dume 1  15.1 19.2 60.7 16.0 2246 61,7
15.8 18.5 59.9 16.5 22.0 6.0

# Sugar eontent in milligrams per grer of fresh sample.

Yarmal temperature was 70° Falmenhoit, Ilardaning temperatures were
70° Zahremhett—during 12 hours of ertificial daylight and }1° Fahrene
beit during 12 houre of darknass. Plants were frogen by asubjecting
to a temperature of 1L4° Fehrenhedt for 8§ hours on June 1,
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Figure 6, The Electrical Conductance of the Leaf Exudates and the
Sugar Content of the Leaves of Rohinson Variety Plants under Normal
and Hardening Temperatures,

Specific Conductance in ohm=—t cem’:lmet.eg‘l x 10=2 of exudates from two
gram samples in 200 milliliters of conductivity water for 12 hours.

Normal temperature was 70° Fahrenheit. Hardening temperatures were
70° Fehrenheit during 12 hours of artificial daylight and L1°® Fahren-
heit during 12 hours of darimess. Plante were frozen by subjection to
a temparature of 14* Fahrenheit for 8 hours on June l.



From the results sbown in Table 7 and Figure 3 of the electrie.
cal conductance vf normal and hardened plants of Senator Dunlap vari-
ety, it is noted that the specific conductance values for the samples
from plants undergoing hardening depreaszed from April 3 to april 27,
xhile the sarples from normal plaste hed higher, moro irregular wvalues
during this period. If it is considered that the conductance valuss of
the normai plents repressnt tie usual charnges in th:e concentration of
electrolytes which diffuse fram the ulant cell at that particilar growth
stage, then the effect of hardening temperatuvres is to dscrease the
concentration of these electrolytes. It is thought taat this concen-
tration is affected primrily by two factora. One of these factors is
the concentration ef fres, mobile ions witzin the cell; the second 1s
the perreability of the cell mmbrane to these ions. The corcentration
of the fone within the cell may be decreased if chemical combinations
or changes in the electrical properties of the colloidal cell material
renders the ions inactive. Similsrly, the constituernts of the cell
bantzans may be altered and ccnsequently tlic @4fevgion of particlee
through it decreased.

Froo the data of the Hobinson variety in Table 9 and Figure S
it is observed that the relation between the electrical conductance
of normal and bardened plant exudates is a?ndlar to that of the Sena~-
tor Dunlap variety. Ths conductance values of the plante sxposed to
bardening temperatures are lower at each s?zup&e date than the normal
plants, The variation between these values diverges during the period
of the experiment,

The effect of freesing in both varieties as shown in Figures 3
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and 5 is to increase the conductance in both normal and hardened plant
samples. The increase in conductance upon freezing is only slightly
greater, proportionally, in the samples of tlde normal plante, although
the overall increase is much greater.

An increase in suvgar content in the leaves ¢f the hardened plants
of both varieties occurred diring the hardering process, as shown in
Tables § and 1C, The total sugar content increase was greater than the
redvcing sugar increase., Upon freezing, a large increase in sugar cone
tent is noted, since the valves of sugar content in the tables are ex-
pressed in terms of milligrams per gram of fresh leaf. Taking into con~
sideration the loss of moisture upon freezing, there are no significant
differences as shown .n figures L and 6 vh:are the sugar contert is ex~
pressed in terms of dry leaf weight. Variatien in the moisture content
of the leaves of the Senator Dunlap variety after freezing gives the
false impression that the sugar content decreases upon exposure to fre-
eszing temperatures., In figures Li and 6 the electrical conductance of
the leaf exudates and ths susar content of the leaves is shown graphi-
cally for Senator Dunlap and Robinson varieties, respectively. On the
basis of these results, no relation between these two quantities hae
bsen establiahed.

The possiltle effect of bacterial contamination of the leaf exudates
was recognized, but precavtions were taken e minimize these effects by
carefully washing the leaves ard covering them when possitle. There ware
no noticeable effects of contamination durijwm the period the leaves re-

mained in the water.
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A study of the electrical comhictance of leaf exudates of strow-
darry plants in the field and undsr controlled comditions in the greens
house has beer: made, The elsotrical conductance was increassd by breaks-
ing the leaf surface. The electrical conductance values were observed
to be a furction of the time of diffusion of the leaf exudates.

During the early fall geason eaxpling of leaves f{rom field plants
revealed that cbserved values of conductivity of the leaf anudates de-
creased enang all varietiea tested for a periecd of time. Late fall
samplings showed an increase., Frem a atudy of minimum tesiperatures
recorded during this period, it appeer=d tha% tle observed decrease in
corductance ocewrred when the tempsratures were genarally slightly above
the freesing pcint, and that when the plants wsre subjected to injurious
texperatures the electrical ccnductance incrsased,

Plants in the eanhouse expoeed to hardaning temperatiree duriag
ths period of darkness had lower electrical conductance velues than
duplicate plants left at roca teuperature. Upon exposure Lo freexing

tenparatires the canductance values of boik sets of plants increased
considerably, but the increase was less in the plants which had the celd
treatment., Some varietal differences were observed in tha electrical
condictance values,

The concentration of sodium and potagsium ions in the leaf cxve
datea showsd a dafinite relation to the electrical comductivity wvalues.
The concentration of bLoth redroing and total wugera in the leaves was

increased by subjecting the plants te low tempersturea. Prom thia study
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of both field and greenheuse plants, the changes in leaf sugar content
vere not related to the observed electrical conductance <f the leaf

exudates,
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